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THR SPACE RADIATION ENVIRONMENT AT 840 KM

E.G. Mullen, M.S. Gussenhoven and D.A. Hardy
Afir Forca Geophysics Lsboratory, Hanscom AFS, MA 01731

ABSTRACT

The Defsnse Mstsorologicsl Satellite Program (DMSP) F?7 satellits, launched in November,
1983, carries s dosimeter provided by the Alr Force Geophysics Laboratory. The dosimeter uses
planar silicon detactors behind four thicknesses of aluminum shielding to messure doth radistion
dose and high energy psrticle fluxss in the space radistion environmant st 840 km. Energy
thresholds in the detectors are sat to distinguish lov (electron), high (proton), and very high
(>40 MaV) eneargy particle depositions. The dosimeter returns accurate, high-time-resolution dose
measurements. Maps of the radiation doss (electron and proton) at 840 ks sre presented and
compared to the NASA wodels. Maps of the vary high energy deposits vhich can produce Single
Evant Upsets (SBUs) in microelectronlc components are slso presented. Cheracteristics of
anergetic particles that enter ths polar cap regions during solar perticle avents are discussed
and compstrad to inner balt proton and cosmic ray background lavels. 1Included is an analysis of

twvo of the largest solar proton svents since launch of the satellite, those of 16 Fabruary, 1984,
and 26 April, 1984,

1. INTRODUCTION

A sensitive volume in living tissue can ba affected by energy deposition from high-enersy
particles to such s degres that a parson's performance cen be degraded or impaired. As such
satellite-borne humans are subject to radiation effacts as they are carried through naturally
occurring or artificlally-produced regions of radiation in space. The effacts can be produced in
three genaral vays, by total dose, dose rate, and single avent upsats {SEUs). As the fraquency
and duration of mannad space flights increass, we nead to {mprove our ebllity to predict and
model the space radistion snvironment to ensurs the safety and maintein the performance capabill-
tles of the creaw mambers.

There are essentially three nesr-Estth radiation regions: a) the inner radistion belt region
populatsd mainly by stably-trapped high energy protons: b) the outer radiation beit region
populated mainly by trapped, but highly variable fluxes of electrons; and c) the polar regions
populatad mainly by steady gelactic cosmic rays snd infrequent but high intenslty solar proten
avent particles. Low sltitude vehiclas in high inclination orbits ancounter parts of all the
various cadiation environments, the extent depanding on the altitude of tha satallite.
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Fig. 1. Schematic diagram of the DMSP
polar orbit passing through the law
altitude extensions of the major radia-
tion regions. The shading code for the
various regions is given on tha right.
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DMSP/FT {s & three-axis stabiiized satellite in & sun-synchronous orbit whose orbital plane
is the 1030-2230 locsl time maridian. The spacecraft altitude in 840 km, its period is 101
minutes, and its inclinstion is 98.7°. Figure ] schematically illustrates the three high energy
particle populations as they are encountered by the DMSP satellite., The offset of the Earth's
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dipole 1 exaggerated to lllustrate the low-altitude extension of the proton belts. The stable
tnner zoae proton bult (cross-hetching) reschus low altitudes in Lhe region of the South Atluntic
Anvmaly (S5AA) dus to the Edrth's offset dipole. The SAA 15 limited in lungitude ond latitude,
and a3 the Edrth rotetes undernedth the satellite, Jpproxisdtely 10 ot 14 of the datly urbits
eucounter portions of the SAA. The cuter zonw slectrons (Jutted region) are located in two high
latitude rings ot 840 o, utiw 4n wach humisphers. The outer zone fluxes ere highly verieble.
Ths golar caps (hortzontal lines) «re ceglons of diruct entry tur high enurgy particles both
gelactic COawic rays and »0lar particles; huwsver, under cerftein conditions, thu higher energy
cosmic rays and solar particles cen punutrete tu J4U ka ol <ny letttude.

Of the thrue veglune uf high unuryy pesticlus, two «re cunsidured wost hezardous to men.
Thuy are Lhe SAA and the pular regions during svlar particle vvents. Significait duse in thess
rugions is pruducud by high-unerygy protuns end heuvy lona, which sie ditliculit, oc lapossible, to
shiuld., The vutur zone slectrons are lowur in unurgy aid cen by effectively shisldud; lowever,
thuy are highly varieble in intensity end can produce hecafdous duse rdles behind mininel
shlulding, such 43 would be the case for an astruneul only protected by « spece suit. The huaen
etfects of thu higher snergy heavy ion pasticles are not yet tully understoud, slthough 1t §s
knuwn thet they cun produce light flashes in the eyss snd may be able Lo upssl certein brain
functions, similar tuo a SEU in & microeluctronic chip.

The DMSP dosimetur is uXtresaly versatile, returning information on electron and pratos
dose, ulectron end proton flux, 4nd nucluar star events, all with 4 second time reaolution and in
4 inteyral energy steps. It is our intention here to show Lhe versatility of the instrument, and
Lo presunt results from the mejor analysis effurts undecrtaken to dete using Lhe Josiwuter dala.
These sftorts include Loth short-term and empiricel mudul rusults of dusa «nd nucluur star
vvunts, o5 wsll 43 cese studies of me)or solar particle events. The dose wodel rusults ace
compared Lo the NASA wodul predictiuna. The shuci-term cesully are presunted Lo tndicets the
reange over which the wvavironment can duviate from the moduls (both ours and NASAs), «nd where the
Juviations 4ru likely Lo Lo owst important. bBuceuse ol thu Capabllity of the dusimelur, we «fw
able to present our direct duse and dose rdle measurcnunts stperately for clicirunas and protuis.

JI. SSJ% INSTRUMKNT DESCRIPTION

The DMSP/F? dusimetur mesasures the radlation dose from both slectrons and protons vccurcing
behind four difterunt thicknesses of aluminum shielding. Additlonelly, lnformation ias provided
on thu difterentiel and Integrel fluxes ol «lectrons and protons ¢l wiwrglas ebuve the thceshulds
defined by the shields, and on the number of nuciedr star ewvents in sach detuccor. The basic
Wuasuresent technique 13 the determination of the emount of enurgy depositea 1n 4 simple aolid-
state detector from particles with sutficient snergy to penetrfate the shislding. A lowet liasit
cutoff of 50 keV is set for measuring enurgy deposition Ln sech detsctor. E«ch of the four
detectors is wounted Luhind ¢ humlspheric eluminum shiuld., The sluminua shieids are chosen to
provide electron eneryy thresholds for the four sensors of 1, 2.5, 5, «nd 10 HeV, and_fur protons
of 20, 35, 51, and 75 MeV., The | MuV thrl;‘hold sonsur has a dutuctor ares of 051 cmd, and Lhe
rumaining thive sech have aruas of 1.00 cm®. Pacticles that penctrate the shisld 4nd brums-
strahlung producud in the shisld will Juposit wnergy in Che device producing « cherge pulse. The
charge puliv is sheped ond amplifivd. The pulas height is propurtional to the siergy deposition
tn the duluctur, «nd the dose 13 propurtionsl to the sum of the pulse hetghts.

Energy depositions in the range butween 50 keV ung 1 MeV are used to calculate the low
lineatr encrgy transfer (LOLET) doas; Jdepositiuns betwesn | MeV dnd 10 MeV provide the high
lincer wnurgy transter (MILET) duse; energy depositions abuve 75 MeV in detectur 3 «nd abuve 40
HeV in detectors 1, 2, and 4 are counted «5 very high linedr energy transtar (VHLET) events. The
LOLET dose (which we will call electron dose bulow) resulls primérily from electrona, high energy
protuns (above approximately 100 MeV incldunt), and bremsstrehiung. The HILET doss {which we
will call proton dose below) comss primarily from protons below about 100 MeV incidunt and above
the dome threshold for wach detector, The integral flux is proportional to the nuwber of enurgy
depositions counted. Tha VHLET counts {which we will call “ster counts" buluw) coaw from 4.) 5
high energy nucluer (mostly proton induced) inturactions inside and /or neer the acnsitive duvice 3
volums, b.) direct energy deposition by heavier cusmic rays, or ¢.) dicect energy deposicion by
protons that heve long peth lengths in ihe detectors. These will be reterred tu respectively <% 7/
4.) nuclear stars, b.) cosmic rey wvents end c.) diruct deposit proton events below. (The ‘ater’ Y

TABLY 3

—

DMSP/F7 J* DOSTMETER CHARACTERISTICS

Dome Aluninue Dome Thresholds Dutactor -
Shield Eluctron Proton Area Thickness Threshold

LOLET  HILET VHLET

“u[cnz)_ MuV MuV !c-z[ {microns) (MeV) (MeV) (Mev)

1 0.55 1 ~20 .05} 198 .05-1 1-10 %0 .
2 1.55 2.5 35 1.000 403 .05-1 1-10 240 D
3 3.05 5.0 51 1.000 390 +05-1 1-10 >75 a

i 5.91 10.0 15 1.000 Ju4 .05-1 i-10 40

O 1
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description originally comes from the array of emulsion tracks observed when a high energy proton
interacts with a nucleus producing secondaries and & recolling fragment.) Thus, five separate
outputs gre obtained from each of the four hemispherically shielded detectors: LOLET {electron)
dose, LOLET (electron) flux, HILET (proton) dose, HILET (proton) flux, and VHLET flux (star
counts). (A complete description of the instrument can be found in Gussenhoven et al.') A
summary of the detector properties and their shielding is glven {n Table !, and a suswmary of the
dome shielding effectiveness for protons is given in Table 2.

TABLE 2

DOME _SHIFLDING EPFRCTIVENESS FOR PROTONS

INTERNAL PROTON EXTERNAL PRQTON ENFRGY (MeV)
ENERGY (MeV) DOME 1 DOME_2 DoME_3 DOME &
0 20.0 35.0 1.0 75.0
8 21.8 37.0 52.5 75.2
10 23.4 37.8 53.0 75.7
20 30.0 43.0 56.8 78.5
40 45.0 55.0 68.0 B7.5
100 103.2 110.0 119.¢ 124.2
1000 1001. 1003, 1005, 1010,

I111. DOSE MEASURFMENTS AND MAPS

During quiet times when there are no high enargy solsr protons present, the high energy
proton fluxes are messured by DMSP/F7 dosimatar only in the SAA. A survey of the satellite’s
dally encounters of the SAA (s shown in Figure 2. Hera the average flux count ratas for protons
>75 HeV are plottad as s function of universal time (UT) in hours for 9 Novambar 1984. The
averaging intervael ia one minute. Each gpike in the count rvate indicates the crossing of a
portion of ths SAA as the Earth rotstes underneath the DMSP orbit. Betwveen asch crossing, the
satellite passas over the two polar caps and the squatorial region opposite the SAA. During
these intervals, only background counts are detected. Similar spatial distributions occur for
the lower snergy proton f[lux counte and the proton dose counts.

3

9 NOVEMBER 1984 PROTONS > T3 MEV

3

Pig. 2, Proton flux counts for energles
greater than 75 MeV, messured by DMSP on

COUNT RATE {tounts/sec)

9 Novamber 1984 when no sclar event vas wt

in progress. The spikes occur during

crosnings of tha South Atlantic Anomsly,
0
K - J
°°o 4 8 2 16 20 24

UNIVERSAL TIME {ivs)
’

The depth-dose speactea for the slectron, proton and total dose, obtained frow s single
treversal through the heart of the SAA on Pebhruary ), 1985, are given in Pigura 3. The spectra
are hard (highly energatic), vith the dose decreasing only somevhat more than a factor of two
over the entire shlelding range and becoming nearly asymptotic for the thickast shielding. The
proton dose is approximstely tvice the slactron doss. The total dose behind the thinnast shlsld
1s .38 rad(31) and bahind the thickest shisld is .17 rad(S1), Por the DMSP satellite, the totsl
doss par day from the SAA {s nearly 2 rad(Si) behind the thinnest shield and 1 rad(Si) bahind the
thickest shield.

To make a more quantitative sstimate of the dose eccumulated per day from the SAA we
constructed an empirical DMSP doss rate map for 8340 km sltitude. Dose count-rates from individ-

wvare accumulated for a full year (from I November, 1984 to )1 October, 1985) in bins
five degrees by five degress vide {n correctad geomagnetic latitude and longitude coordinates.
Average count ratas were calculated for each bin, and iontwn of constant dose drawvn. The dose
rate map for tha >75 MeV HILET channal (with 5.91 g/ce® sluminum shialding) is showm in Figure
4. The msp 1s in corrected geomsgnetic coordinates. The contours are in rad(S1) per dsy. As

can bs gean, the only significant proton doss occurs in tha SAA whare tha contours cange from 0.1
to 10 rad(Si) per day.
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The outer zone electrons ars mostly found at magnetic latitudes betweun S0° and 70° at 840
kam, The extent of thuse zongs tx shown in Figure 5, which {s the UMSP dusu Cete map for electron
dutector | (behind 0.55 g/cm® shielding). The outer zone sluctron dose is very evident and
sppears #s two high latitude bands, The SAA 1d 4lso eppareit; however, in the SAA the dose
susults from a cumbination of «lectrons abave threshold energles (>) HuV) and protons with energy
greater than ~100 MeV.

To shuw how the DMSP measured dose comperes with the NASA modsl values, Table 3 gives a
listing of individual dey 4nd ysarly average proton and electron dose/day obtained from DMSP and
the NASA model predictions for the same orbit for both solar maximum and solar miniaum options.
The first three messured values result from summing the DHSP dose counts for the thiree Endividual
deys: 9 November 1984, 26 November 1984, and 3 Fubruary 1985, respectively. There wers no soler
proton events on thesw days. The avecage DHSP values result from running nine successive days of
DM3P/F? orbits through the DHSP dosu rate mep Valuss and taking Lhe aversge accumuletlion. The
standard deviation veried from #8% in the first proton detector up to +1UX in the highust energy
detuctar. The stendard deviations «re listed just below the aversge DMSP values. Siallacly che
DMsP/F? satullite orbit was run through sppropriste NASA redlation belt moduls tor solar meximua
dnd ¥0ler sinimum conditicas with the doss Calculated at the cunter of a solld aluminum sphure of
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thickness equal to the DMSP dosimeter shialding values. The NASA model values for soler minimum
and maximum are given at the bottom gf the table. (Detsils of the NASA models can be found in
Singley and Vette‘, Teague and Vette’, and Sawyer and Vette™, and problems assoclsted with
cadiation belt modelling cen be found in Vette et 21.%)

TABLE 3

COMPARISON OF NASA MODEL AND DMSP DOSE VALUES

PROTONS FLECTRONS
RAD(S1)/DAY RAD(S1)/DAY
DETECTOR NO 1 2 1 4 1 2 3 A
DAY 11/09/84 1,20 0.83 G.63 0.48 1,61 0,35 0.29 0.7
DAY 11/26/84 1.22 0.27 0.57 0.4k 13,02 0.50 0.27 0.28
DAY  2/03/85 1.1A 0.80 0.59 0.46 6.31 0.5 0.26 0.26
AVERACE 1.21 0.83 0.6) 0.49 2.51 0,34 0.26 0.27
STANDARD DEVIATION 481 39T 49T sl0X £2T $9% #9T 49X
NASA SOLAR MIN 1.28 0,70 0.49 0.20 10.83 0.58 0.03 0.00
NASA SOLAR MAX 0.89 0.47 0.3) 0.18 11.62 1.28 0.07 0.00

SOLAR MIN = APAMIN, AESHIN, AELTLO
SOLAR MAX @ APAMAX, AEG6MAX, AEL7HI
NASA MODEL PROPAGATED THRQUGH A SOLID ALUMINUM SPHERE

Por the proton dose, the DMSP individual dey and DMSP average values are approximately the
same. They all egree to within 10X, vhich is the same variation found in the day to day orbital
runs, This indicates that the proton radiation belts are very stsble over the one-year duration
of the data acquisition, as expected. The solar minimus NASA model values vhen compared to the
near-solar minimum DMSP values for proton dose are only slightly higher for the thinnest shield-
ing and are only slightly lowear for the remaining thicknesses. The agreement i3 feit to be
remarkably good given the differences in measuremsnt techniques and solar cycles, and indicates
the long term stability of tha funer belt.

Tor the slectron dose, the directly measured daily dose varies greatly, from 1.6 to more
than 13 vad(51) behind the thinnest shielding. Por higher shielding the dose is rslatively
conatant. The avarage DMSP model value fs 2.51 rad(St) for the thinnest shielding. This
indicatas the high variability of the outer zone electrons, over time pariods such less than one
year. Purtharmore, tha comparison of tha DMSP model and NASA model values (s poor. The dose
calculsted for the DMSP orbit from the NASA models is higher by factors of &4 and .8 for Channels
1 and 2, respactively. For the last two channela, the DMSP directly-messurad and model alectron
dosa vslues are nearly constant, vhile the NASA model values fall to zero. This behavior results
from bremsstrahlung effects in the DMSP meseured values which would not be predicted from
electron fluance (n tha NASA model values. While {t s posaible that on occasion (l.e., 26
November, 1984) the daily measured electron dose in Datector 1| can be highar than that predicted
by tha NASA modals, the Datector 2 messured vaiuss have not been obaerved to be as large as the
NASA model values. We conclude that the NASA modals for electrons are both too high in intensity
and too hard in spectral shape.

Compsring total doss behind the thinnest shielding for the DMSP/F7 orbit on a yearly basis,




the NASA models give values that are too high by somewhat more than & factor of 3 for the 1984
puricd. The slectron contribution to the total duse ix the major source of the discrupency.
Buluw we will more closely uxemine the highly variable uluctron dose from the DHSP data aet.

In order ta quantify the high variabilit; in outer zone cluctron fluxes we constructed &
dally averaged flux count rete using the region in space where Che meximum fluxes occur. Yigurs
S tllustratus thet the maximus occurs (n chu gouthern hemisphure in & roctengls centered nesr
=559 geomagnutic latitude and 559 guomegnelic longitude. The reglon llws tar vnough bulow Lbha
SAA tu «avaid contamination of the flux and dose muasurements from protons. All flux count rates
which full in this rectangular region ware eversged for one dey inctervals to show tiw variabtilicty
ot the outer zonss. la Figurs b Lhe sverege flus count rate for wlections with energy »2.5 MeV
s plotiud «s o function of dey numbuer tor 1984, the first full yesr of the dosimuter oparation.
The day numburs «te marked off in 27-day soler rotation units. The averegs Cuull-caley very uver
more Lhan twe ordurk uf mugnitude, end bhigh fluxes cen pecatac for Many days on vnd. The 27-day
recurrence of outer gune clecteon enhdncemsits is particularly evident in the thrus lergest
dvencs Lo Chu lant Querter of the ywar.

OUTER 20ME ELECTRONS »2 5 MEV
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IV, STAR COUNT MKASURIGUINTS AND MAPS

To purform meaningful statistical analyses of the ster count (VHLET) particles, the data
sust be swparated into appropriate reglons of spece. For this study, thw dets sre sumaeed over
sll lungltudes in brosd latitudinel rangus designated as the Norch Fole (NE) feom 40° N to 9U° W,
Hiddle Latitude (ML) fcom 152 N v 4U° N, Seuth Atlantic Ancmaly (5AA} from 55Y 5 to 15Y N and
South Pule (SF) from 3559 8 to 9G° §,

Figure 7 shuvs the averege datly star count retes for dosimeter dutectors 1 and 2 for 1984
plotted versus dey of the yuar in wach of the 4 latitudinal bins. Similarly Pigure 8 shows the
count rates for detwctors 3 and 4. The sharp pesks in the polar cap reglons «ce due to sular
particle events. Ounly 3 solar particle wvents of 4ny megnitude occurred tn 1984, Tha flere
events sewn in the polar reglons do nut penetrate into the mid-latitude or SAA reglons. Aside
trom thuse poeks, the dals «re oxtremuly stable uver the year and continus to be stable through
L1985 «nd 1980 whure we 4leo hava plocted the deta (not shown). The 1984 through 1986 data were
4ll collectud during soler minimwe conditions.
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Yigures 9 and 10 show the occurrence frequency of star counts in map format for detectors 2
and } of the dosimeter respectively, (Maps for detectors 2 and 4 and additional tnformation on
the star counts are providad in Mullen et a1.7) Shown in gray scale are the average star count
rates (counts/s) for the period from November 1984 through Octobar 1985. The average has been
culcul-txd for sach one degree geographic latitude and longlitude box. The gray scale extends
from 10" counts per second to greater than .05 counts per second in logarithmic intervals. The
gray scale code is displayed to tha right of the picturas. Small holes (dsts gaps) in the maps
occur because tha satellite orbit is synchronized with tha Earth's rotation resulting in incom-
plete covarage of all 1Y by 1° bins, ‘The maps provide information on the particla populations
producing the high energy deposits which will he discussed balow,

Fig. 9. Gray scale plot of star count
rates for detector 2.

The genaral festures pictured in both Pigures 9 and 10 may ba summarized as follows: a.)
highest count rates occur in the region of the South Atlantic Anomaly vhere the Inner radiation
hett particles extend down to DMSP altitudes; b.) neaxt highast count rates occur in the polar
reglons vhara solar protons and heavy jona have direact sccess along msgnatic fleid Lines down to
lovar altitudas; and c.) acattered count ratas occur at all locations. This means that the
highast LET particles might be expected any place in an 840 kam orbit but the highest probability
is in the region of the SAA, vhara it.1s proton dominated.

Informatton on the characteristics of the particles producing the counts can be ohtained by
atatistically examining individual counts and count rates and the ratios of counts in the
different datectors. To avold mining reglons having different characterlstics, all the stat{s-
tice wvare done in the & latitude bine discussed above. Table 4 gives the total VHLET counts and
average yearly count rates. Approximately 312 equivalent full days of data betwean November 1984
and October 1985 vare used to calculate the yesrly averages. During this period, no solar proton

avents wara sesn In the dets. Tadle % gives the yearly averasge eount rate ratios for these &
reglons for each detactor.
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TABLE 4

TOTAL STAR COUNTS AND COUNT RATES

TOTAL COUNTS

LATITUDE BIN  DET } DET 2 per 2 DET &
NP 1164 19813 8408 17884
ML 121 2100 843 2015
SAA LT 335641 10714 201530
sp u9? 15129 Y18 134979

COUNT RATES (COUNTS/SEC)

LATITUDE BIN  DET. 1 DT 2 DET 3 DET &
NP 1.5E-04  2.6E-03  1.1¥-03  2.3E-03
ML 3.1E-05  5.3E-04  2.3E-04  5.1E-04
SAA 5.3E-04  3.0B-02 9.6EK-04 1.BE-02
sp 1.76-04  2.8E-03  1.2K-03  2.6K-0)

TABLE $

DETECTOR STAR COUNT RATE RATIOS IN LATITUDE BINS

DETECTOR RATIOS

LATITUDE BIN W 21 s
NP 1.22 17.0 1.41
HL 7.38 17.4 1.04
SAA 1.82 51.0 1.00
sk .17 17,1 110

As sentioned above, star counts can be produced directly by proton energy deposition,
directly by cosmic reys, end/or indirsctly by nuclesr ster svents in or near the detectors. In
order for the grotons to directly produce e pulse in the detuctor, they must have sufficilent path
length 1n the Jdutuctor «nd sutficient unergy tu deposit enusyy sbove the threshold luvel (=40 KeV
or +75 MeV dupending on the Jutector). HBeucause Lhe detectors are planer, Lhey have smsil letecel
dimenai-1s such that there is only & very narruv angular and energy range of particles that can
pruducu pulses by direct daposition. ln detectors | and 3 no pulses cen be produced by difect
proton energy deposit since the total path length is too short for any wnergy proton Lo produce a
pulse of the required sice to be counted. In Jetectors 2 and 4, only protuns incidunt between
approximately 87.5° and $0° with uxternal energies between approximstely 55 MeV and 33 MV tor
detector 2 «nd betvaen spproaimately 85 MeV end 88 MV for detectur 4 can produce pulues of the
fequired magnitude to be cuunted. Prutons beluw these wnergies do nut have sufficient energy teo
produce VHLET size pulses, and protons above these energies vill pass through the detectors
withuut dupusiting sutticient snergy. Farticles ot 0° Lncidunce mual heve & maas of oxygen or
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greatar to produce » VHLET pulse. Particles with masses less than oxygen (such as helium) must
be incident at an angle leas than tha normal to produce a pulse. Tha differences in the shield-
ing, detector area, and responts characteristics of the & detectors vwill be used to gsin insight
into the properties of the particies creating the pulses.

Since detectors 1 and 1 do nol measure any counts dus to direct enargy deposition by
protons, the counts in these two detectors are produced only by nuclear star events and direct
cosmic ray events vith appropriste masses and incident angles. Star counts in tha Middle
Latitude (ML) region ars almost entirely due to extremely high enargy cosmic rays since the
geomagnetic cutoff of the Earth's magnetic fiaid prohibits normal solac protons from directly
entering into this regton of spaca. We alsoc know that the star counts in the South Atlantic
Anomaly (SAA) reglon are due almost entirely to protons [rom the inner belt trapped particle
population. [n Table 5 the ratlos of star counts of channels 1 to |, 2 to | and 2 to 4 are
listed. My comparing ratios from the polar reglons (NP and SP) to the ML and SAA ratfos, it (s
evident that the polar region ratlos sre the same as (vithin statiscical error) those of the
widdle latitude vepgion, Wa conciude that since the ratios are the same, the counts are produced
by the same type of particles, namely cosmic rays. This is not unexpected since high energy
cosmic rays have their mpst direct access into the near-Earth environment down the open magnetic
field linas In the polar reglons.

If we assuma that the numbers of high crergy deposits produced by particles of the same
energy is directly proportional to the area of the detectors, we can use the rario of star counts
from datectora 1 (40 MeV threshold) to those from datector ] (75 Mav threshold) to get a first
order {eel for the relative upset susceptibility In space for materisls (tissues) thst might have
different sensitivity thresholds. Tha ratlo of the area of datector 1 to detector ) is 19.6.
The 3/1 channal ratla for the poles is ~7.) and for the SAA is 1.82. This indicates that the
relative upset susceptibility of materials with & 40 MeV threshold to matarials with a 75 MeV
thrashold is appronimately )} times as great in a cosmic ray environmant and 1! times as great in
tha South Atlantic Anomsly Lf the materials are proton sensitive.

We can separste nuclesr stars from direct deposits in detector 2 by comparing the data from
detsctors | and 2. VWe knov that detmctor | respondt only to nuclesr satars and detector 2
responds to both nuclear stars snd direct proton deposition in the reglon of the SAA. The number
of nuclear sters (statistically spesking) in detector 2 should diffar from those in datactor 1
primarily by the reistive datector area factor of ~19.6. The shielding diffarence between the
tvo detectors however, reduces this factor somewhat. From Table 5 it can be seen thst factor is
~17.4 for the cosmic ray dominated middle latitude region. For the praoton dominated SAA region,
the factor could ba wore or lass than the 17.4 depending on the shape of the proton spectrum, but
couid nut be significently different. Subtracting the estimate of the detector ¢ nuclear stars
(detarmined by multiplying detector 1 by [7.4) from the total detector 2 counts in Table & shows
that for the SAA reglon the direct deposlt protons (n detector 2 are, on the average, spproxi-
mately a factor nof ! greater than the nuclear star counts.

Since detectors 2 and & Aiffer only in their shielding thickness, thelr areas and detector
thrasholde being the sama, shielding effectiveneras can ba antimated by examining the counts ratfio
of Lthean twn detactorn, (n the mid-latitude and polar regions where the higher enargy coamic
rays dominate, tha shieiding affectivenssy {3 only 10X or less. In the SAA vhere the protons
dominata, the shielding efltectiveness 1s much grester becasuse the energetic proton spactrum is
softer. Fven In tha SAA reglon, there are major diffmrances tn the hardness of the spectra as &

function of poattion. Figure || shows the ratio of average star count rates for detector 2 to
detector & for tha period {rom November 1984 through Octobar 1985 in one degrse geographic
latitude and longitude bores. The ration are gray scale coded to indicate ranges from | to « In
logarithmic typa Intervais. The gray scale code is displayad to the right of the figure. The
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gredual shift in the ratio across the South Atlsntic Ancmaly reglon is dus to the magnetic field
strength (L-Shell) varistion. Higher energy particies are able to diffuse further inward across
msgnetic fleld lines, thus teaching lower L values and produclng & harder spectrum oL Lhe lower L
values,

V. Thi SOLAR PAWTICLR ¥VWNTS OF 16 YKANUAWY AND 35-29 APRIL, 1984

The two largust solar particle events during 1984 occurred in February and April. Figures
12a and 12b are survey plots of the DRSP tlux count Jdate for protons >75 MeV (tha highest energy
channel) . the pesk days of the two wvents: 1o Fubrusry end 26 April, respuctively. They «re in
Lhe sams turmet aa Figure 2. In sach plot, chres types of counts cen be tdentifled: beckground
countas; the systusatically occurring SAA [lux counts that stoud alone in Figure 2; snd the lerge
flux Jevely acraoss wech of the polar regions. The latter sre solar protons and heavy luns which
have direct eciuas to low latitudus in the polar cregions. On 10 Februsry thers is & sudden unset
of a0lar particles in the caps «t ~09 UT. The 1luxes tall Ly an order of megnitude within 4
hours, aftur which there 35 & steady exponential cecay of the psrticlus thet continues into the
L7th. At the buginning of 20 April the high enuryy precipitetion intv the polar caps wes already
tn progruss. This event had @ much slower buildup and decaey. The widths of the flux pusks in
tha polar regiuns show that during suler protun events significant duse can be received «t poler
orbiting vehiclas. Even 1o thess sucvey pluts one can discern significant spetiael and/or
temporal veriations in the cep tlunes. They are particulurly large at the beginning of the 16
Fubruary svent.

e 16 FEBRUARY 1984 PHOTONS » 75MEY
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To show the kind of variasbility that exists across the polar cap during soler sveats, the
paths of two polar crossings on 16 February are shown in Figure 13. Here the watellite track is
plottud 1n corrected guomagnetic latitude (MLAT)-magnetic locsl tima (MLT) coordinstus. The
length of the black lines vertical to the treck represents the count rete in the lowest energy
proton channel (>20 MeV). Thuse plots show o) the low latitude cutoffs (€60 MLAT) ot the avlar
parcicles; b) that the particles £41) both the reglons normally occupied by the vuter zone
wluctrona snd the polaer cap; ¢) that relatively desp troughs occur in the tlux levels which are
locatud Jdiffuruntly tn the northern end svuthern humlspheres, but are necar the megnutosphuric
cusp. Bucause the variations in electron and proton fluxes (not shown) are ¥o similar in the 16
bebruary wvent, it iy very likuly the cass that the “electron” count ratus contein & significant
contribution from the >100 MeV vrotons.
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Fig. 1). Polar plots of the >20 Mev
protons during the peak of the 16
February event. The coordinatesa are
corrected geomagnetic latitude and
geomagnetic local time.
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Since the shape of the spectra are very important in asaessing damage during solar events,
the proton flux counts Are used to find an average power law spectrum for protons for each flare.

For the 16 February data, et the peak of tha proton flux the optimal spectral fit for the counts
averaged across the polar cap {s:

16 Februsry (peak): §(E) = 86(+2) x (20/e}!-8 p/caZ-s-Mev,
vhere E is (n MeV. lnder the assumption of complete particle isotropy In the upward hemisphere

at DMSP altltudes sand |ntc,rnllng from 10 MaV to infinity, the directionsl Integcal flux from the

aquation above is 298 p/cm“-s-ar. The average spectrum {or 17 February, using the cap data for
the antire day ias:

17 Pobruary:  J(E) = 0.85 (40.05) x {20/R)2:7 p/cuZ-a-Hev.

Becausa the solar avent in April is so slowly varying we list the spectra determined by averaging
the cap data for each dasy from 25 - 28 April. They are:

T4 Apreil: Background levels

25 April: J(B) = 5.6 (20.4) x (20/F)Y-0 p/cm2-n-Mav

26 Aprils J(R) = 116 (34.0) x (20/E)3-8 p/cml-s-Hev

27 Aprils J(E) = 6.8 (30.4) x (20/E}%-) p/cml-s-Hev

28 Apetls 1(B) = 18. (32.0) x (20/8)%-0 p/cmi-5-Mev
The de

~Lion listed In parenthesis ls the uncertainty in the fi{tting procedure and does not
Include the instrument's inherent uncertainties, From the pover law fits to the flux counts ve
drav the following conclusions: a) Throughout the February event the spectra were much harder
than any of thosa occurring tn the April event. b) The Pabruary event softened in tims. c) The
April avant softanad over the first thraa days, then increaased in (ntansity and became alightly
hardar.

Yigures JAa and 1Ab are the dapth-dosa apactrs for aingle polar cap crossings durlng the
peaks of the two evanta. Tha time intervals were approximataly the aame for the crossings (21.3
min on 16 Pebruary, and 19.2 min on 26 April). In each plot, the electron doss, the proton dose,
and thair sum are plottead separately for each of the four domes as a function of aluminum
shielding thickness (in mass per unit area).

¥Wn compare theme to tha depth-dose apectrum for the SAA crossing (Pigure }) which teok 23
ain. The depth-dosm spectrum for the paak flux on 16 Fahrusry, Figure l4a, shows that the total
dote behind the mintmum shielding ta 0.2 red(Si), or somewhat lass than in the SAA. The dose
source {9 mainly protons, the electron contribution baing lass than 25X of the totsl. The
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spectrum 1i» falling slowly with increased shielding, but faster than in the SAA mduul?; [
softer (less snergutic) psrticle population. Shialding is still affactive at 5.91 ga/caé, whars
the totsel dose s reduced to 0.03 rad(51). Since this event deceys quickly, the msxisum dose
bahind the minimum shielding is less than 2 red(S1) over s pariod of lsss than one day.

The depth-doss spectrum scroas the northarn polar cap for the peak of the solar particle
event on 26 April is shown ia Pigurs 14b. More than 812 of the totsl doss comes from protons.
The spectrum is considerably softer than that in tha SAA or st the peak of the 16 _February
svent. It is, hovevar, such more intense at lov shielding values. For .55 gm/ca’ slumtnus
shielding, 1.2 rad(S1) are ninlvu. This falls by two orders of meynitude to 0.012 rad(51) at
saximus shielding (5.91 ga/ca’) where the doss s spproximately an order of magnituds less than
encountered in the SAA or in the 16 February event. Shlslding remains sffective throughout the
spectcun. The dose per polar crossing vemained high for seversal dsys, and in ths firet three
days the total dose sxceeded 25 rad(S1) for .55 ga/cm® of aluminum shislding. This is more than
four times the doas received in the seme time period snd behind the sams shielding fros the SAA.

The dosimeter star data can also be used to study solar proton events., Hers we szamine the
entire periods of the February and April 1984 solar particle events ssen in Figures 1 snd 2. The
pesks of the events weres on 16 Yebruary 1984 and 26 April 1984, Since the events ate only seen
in the polar regions, only the palar vegion data ie used. The two polar cap regiona wers added
togsthar to gec bectter statistica for the svent daya. Table Il gives the daily averags of star
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channel count rates for the 4 detectors in counts par second times 10°4 for the periods 15-17
Pabruary 1984 and 24-30 April 1984. Also given are the 1985 gverags count rates for comparison
as s normal background level snd the differences from the 1985 averages for the days of interast.
The count rates were determined only from the polar reglons: batween 40* and 90° North Latltude
and 55 and 90° South Latituda. Data equatorward of 55° South Latitude were excluded from the
table to prevent contamination from the SAA. It is obvious that during the events the number of
energetic particlas thet can produce 40 MaV pulses (detactors t, 2, and 4) can go up signifi-
cantly from factors of approximately 2 to 50 d-pcndin; on shtelding thickness. It ls alse
evident that with a shielding equivalent of ) gm/cm® (detector 1), there ia less than a factor of
1 increass in particles that can produce a 75 MeV pulse. Subtracting the 1985 asverage from the
star counta on the flare days gives the flare produced numbers shown in the bottom of Tabls 11,
Comparing thase back to the 1985 sverages shovs that In no cases did the flaras produce more
pulses in datector 3 than tha aver and only at the peak of the events were theare more
particles seen In detector 4. This says that neithear particle event had a spectral hardness at
the highest energles greater than the natural cosmic ray background. The goftness of the event

spectra probably accounts for the fact that unusually high upsets have not besn sean on satel-
lites during flare periods ta date.

Table 11 Star Count Rates

Count Rates (counts/sac x 10°%)

1985 Feb 84 Apr 84
DETECTOR Ave. 15 16 17 225 2621 28 29 30

i 1.6 0.6 12.0 1.8 1.3 9.6 83.0 26,0 9.6 7.9 2.2
2 27.0 24.0 170.0 38,0 17.0 &7.0 500.0 190.0 91.0 38.0 27.0
3 11.0 12.0 4.0 8.8 12.0 9.6 18.0 12,0 8.5 7.1 10.0
& 24.0 22.0 53.0 26.0 20.0 25.0 62.0 29.0 22.0 138.0 19.0
Plare Produced Diffarences from 1983 Averages
1 - 10.4 0.2 -- 8.0 81.4 24.64 8.0 6.3 0.6
2 1.0 143.0 11,0 - 60.0 473.0 163,0 64.0 11.0 -~
3} 1.0 3.0 -- 1.0 -- 7.0 1.0 .- .- --
4 -~ 29.0 2.0 -- 1.0 38.0 5.0 -- -- .-

VI, DISCUSSION AND CONCLUS IONS

The dosimeter on the DMSP/F7 satellite has beaen shown to be & very versatile instrument
which can maasure anergetic particles of diffarent typas over a vwide dynamic range. It can
meansurn the dose affacts of sisctrons and protons separataly, and givas accurale measurements
over short time periods. The dosimeter also can distingulsh those vary high LET particles that
can produce SEU type bahsvior in sensitive materisls.

From the data we aea that dose accumulatad in the SAA ls extramsly stable, showing no
measurable variation from day to dey. The SAA contributes 2 rad(Si)/day behind .55 g/cm?
aluminue shielding. Approximately 60X of the total is dose from protons with enargy less than
100-200 MeV, and the remalning 40X Ls LOLET dose, from electrons, high anergy protons (>100-200
MeV) and bremsstrahlung., The depth-dose spectrum fos the SAA is vary hard, falling only by 60X
for shielding thicknassas hatwean .55 and 5.91 gm/cm’, For non-solar particle avent periods, the
SAA provides most of the proton dose at DMSP altitudes. The NASA soler minlwum proton model for
DMSP altitudes predicts a proton dose which s within statistical error of the dose measured on
DMSP.

The dose from the outer gzone electrons provides the remsinder of the daily dose when thare
are no solar particles from gsolar proton events. The dose per day from the outer zone slectrons
is highly variable and large, from | to more than 10 rad(S1)/day for .55 gm/cm’ aluminum. The
average elactron dose rate determined from the DMSP dose rate model for the year 1984-85 is 2.5
rad(S!)/day. This ls four times less than that predicted by the NASA models for solar minimm
from alectrons alone. The nl-cv.rmzu depth-dose spectrum is very soft, falling to a near-constant
bremsstrahlung laval by 3.05 gm/ce® sluminuam.

Doan affecta from tha two largest solar particle events In 1984 were messursd. The event
that occurred on 16 Fabruary, 1984, lasted less than a day, had a ruombly herd spactrum, and
led to an accumulated dons of lass than 2 rad(Sl) behind .55 gm/cm’ aluminum, which ts about the
same a8 the SAA-sccumulated doss for one day. The event that occurred on 25-29 April, 1984, had
& vary soft spectrum compared to the SAA and the 16 February spactes. The accumujstad dose,
however, for a three-day pariod vas larger than that for tha SAA behind .55 gm/cm® of shielding
(23 vrad as compared to 6 rad), these levels could prove harmful for an astronaut performing EVA
during this pariod.

For short flights in polar orbit, our results show that s three-day mission at high inclins-
tion and at 840 km sltitude during moderately large solar particle events could lead to a dose
deposjtion of )0 rad(S1) or more behind minimal spacecraft skin thicknesses which spproximate .5
ga/ceé aluminum. This level mey be sufficient to demsge the ocular necve unlass shielded (M.A.




Shea, private cosmunication, 1984). For mannad space tlights in the polar regions, care must be
taken in planning «nd carrying out activities where minimsily shielded sstronauts could be
wxposed to dangerous radiation levels.

Yor the highust LET perticles, the probubilicy of sweing effects in proton ssnsitive
materials ts greatwst in the region of the SAA. FPor materisls not proton sensitive, the highast
probability fs in the polar regions. Counts obsesrved outside the polar csp and SAA regions sre
elmust entiruly dus to higher snergy cosmic reys that pesnstrats beyond the magnetic cutoff
reglon. ALLhough these particles ars stetlsticelly small, they can sppest anywhecs in an 840 ka
orbit.

In conclusion, accurate, short-term models of dose rate are neaded for future space missions
that sre manned for long periods of times, or that rely on new microsluctronic technuiogies. The
NASA mudels prujucted to low altitude yive orbitel dose valuss which are too high by s factor of
four during solar mintmus, The DMSP proton and wlectron modelw, consicucted fuc aolsc minimum
conditions, show thet Lhe discrepancy (s dus €0 un overastimute 0f the eleciron dose. The
conservative NASA modsl predictions can lepose more stcingent shielding conditions than ace
necussary. Modsis of dose in che polar reglons during sclar proton evants do not exiat becsuse
pF s high temporal and herdnuss variebility of the particls fluses., Nevertheless, significant
dose levels csn be sccumulated during thess events and must be taken into account in orbitel
plenning. This cen most liksly be dons un & "worst cess" and probubility of occurrence basis.
It should be remusbered thet for satellites in nuar-Barth orbit, the lifetime Lotal duss is
mostly accusmuleted 3n short bursts and not at & sCesdy constent race. This lesves such of &
vatellite system's CTima in & relatively benign environment during which many of the doss effscts
cal #nnual out of certain sensitive materials.
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